Introduction
The high interest that the chemistry of aziridines attracts is generated by the manifold applications of these smallest saturated azaheterocycles. [1] [2] [3] Aziridines are not only used as reactive synthons in organic synthesis, in the synthesis of peptides and natural products, 4, 5 but also as monomeric units in polymerization reactions 6 or as natural and synthetic pharmaceuticals. [7] [8] [9] Though the parent aziridine C 2 H 4 NH is classified as mutagenic, 10, 11 there are some aziridine-containing natural compounds known to be useful as chemotherapeutics to combat cancer targeting biochemical processes. Good examples are the family of mitomycins and acinomycins. [12] [13] [14] Their physiological effect relies on their poor stability towards ring opening followed by alkylation and cross-linking to form DNA interstrands. This leads to the inhibition of DNA replication and to cell death. There are also some man-made aziridine derivatives with similar antitumor capabilities based on the exact same cytotoxic effect, e.g. some aziridinylbenzoquinones, 15, 16 TEM, 17 or thioTEPA. 18 This ring-opening reaction of aziridines by nucleophilic attack is very similar to that of isoelectronic oxiranes and thiiranes. With regard to coordination chemistry, however, the reactivity of nucleophilic aziridines towards electrophilic transition metal centers differs strongly from those of oxiranes and thiiranes with a only few exceptions. [19] [20] [21] While the latter act as oxidizing agents towards organometallic complexes resulting in the formation of oxo-or thiocomplexes via ethene elimination, [22] [23] [24] [25] [26] aziridines usually remain intact and prefer metal coordination via the nitrogen atom. Therefore, only one example of two-fold breakage of C-N bonds, elimination of ethene and formation of an imido complex is known in the literature. 26 However, many aziridine complexes of a variety of transition metals with up to four aziridine ligands are currently known, most of which have been published by us. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] Ring opening reactions especially with functionalized metal carbonyls have also been reported, e.g. with hydrido carbonyl complexes to form β-aminoacyl complexes via M-C addition [42] [43] [44] [45] [46] or with halogenido carbonyl complexes to form five-membered aminooxycarbene complexes. 47, 48 Transition metal-mediated ring opening reactions of aziridine ligands yielding aminoethylaziridine-N,N′ complexes by "aziridine dimerization" was first observed by Beck et al. 49 and Fritz et al. 50 The first examples of such an aziridine dimer template have been structurally characterized by X-ray determination in the case of a cationic Co(III) complex bearing two dimerized 2-methylaziridine ligands. 51 We later reported further examples of analogous complexes with dimerized aziridine ligands. 52, 53 Furthermore, most recently a novel route to N-(2-aminoethyl)aziridines was developed based on the one reported by Beck et al. 49 utilizing a Cu(II)-mediated template dimerization of aziridine ligands. 53 In this paper we report on the synthesis and characterization of new palladium(II) and copper(II) complexes with dimerized aziridine ligands as well as of palladium(II) complexes with one N-bound aziridine ligand and two azirine ligands, respectively. Hitherto, only a few azirine complexes of transition metals are known. 54, 55 Usually they undergo ring-opening or rearrangement reactions in the presence of transition metals. 56, 57 Because of the successful employment of aziridine-containing mitomycin derivatives in cancer therapy, some of their transition metal complexes have been synthesized, which did not show significant differences in biological activity compared to the uncoordinated compounds. 58 The cis-bisaziridine Pt(II) complex 59, 60 analogous to cisplatin showed no better activity, but had higher selectivity. Therefore all the synthesized complexes here have been investigated for their biological activity.
Results and discussion
Synthesis of the complexes 1a, 2b, 3b, 4c and 5d
The cleavage reaction of the chlorido-bridged dimer bis[μ-Cl(S)-2-{1-(dimethylamino)ethyl}phenyl-C,N-palladium(II)] 61 with an excess of 2,2-dimethylaziridine (a) in CH 2 Cl 2 affords the square planar palladium(II) complex Cl(C 6 H 4 CHCH 3 NMe 2 -C,N)-(NHCH 2 CMe 2 )Pd (1a) (Scheme 1). Light yellow 1a is obtained with 50% yield, and is air-stable, soluble in polar solvents (CH 2 Cl 2 ), but insoluble in non-polar solvents (n-pentane). The spectroscopic characterization showed the evidence of S,S and R, R enantiomers due to N chirality at the aziridine nitrogen.
The 49 but without any structural characterization. Beck et al. also observed the first "aziridine dimerization" induced by metal coordination. 49 This has been recently proven by our own results with some aziridine complexes of copper(II). In most cases, however, several derivatives of aziridines kept intact and coordinated as ligands in 1 : 2, 1 : 3 and 1 : 4 molar ratios to Cu(II) centers. 53, 66, 67 To increase this stoichiometry and to obtain hexaaminecopper(II) analogous complexes, we decided to use a large excess of aziridine and to avoid using any solvent. Therefore, anhydrous CuCl 2 was added directly to the liquid aziridines C 2 H 4 NH or CH 2 CMe 2 NH (a), respectively. As shown in Scheme 3, two different ionic complexes with different stoichiometry and coordination geometry were obtained depending on the substituents. In the case of aziridine, C 2 H 4 NH, the tris-chelated octahedral complex [(C 2 H 4 NC 2 H 4 NH 2 -N,N′) 3 Cu]Cl 2 (3b) resulted and in the case of the 2,2-dimethylderivative the bischelated trigonal bipyramidal complex [(CH 2 CMe 2 NCH 2 CMe 2 NH 2 -N,N′)ClCu]Cl (4c). Both complexes, however, again contain the corresponding "dimerized" aziridines as ligands b and c. Our attempts to obtain single crystals of 3b by recrystallisation were not successful, because it was destroyed by any longer attack of polar solvents. Using methanol for instance, caused the formation of the bis-chelated complex trans- analysis. 53 4c is soluble in slightly polar solvents such as acetone or dichloromethane, insoluble in non-polar solvents such as n-pentane. Both complexes are air-stable.
Azirine ligands were mentioned in palladium(II) complexes by several groups in 1978. [54] [55] [56] One of them presented with trans-[(2H-3-tolylazirine) 2 Cl 2 Pd] the only example structurally characterized by diffraction studies. 55 The syntheses of azirine complexes turned out to be difficult because of subsequent rearrangement reactions in the presence of metal complexes and too long reaction times. If the reaction can be stopped, however, it is possible to isolate some palladium(II) complexes of the type trans-[(2H-3-arylazirine) 2 Cl 2 Pd] (aryl = C 6 H 5 (d), C 6 H 4 Cl, C 6 H 4 Br) by the reaction of PdCl 2 and 2H-3-arylazirine in acetonitrile. 66 Here we only present the synthesis and structural characterization of the phenyl derivative 5d (Scheme 4), once formed and isolated, stable enough for the implemented analytical and biological studies in low concentration. 5d is obtained as air-stable orange yellow powder in 65% yield and is soluble in CH 2 Cl 2 and CHCl 3 , but insoluble in n-hexane.
Spectroscopic characterization
All the complexes have been characterized by their 1 H and 13 C NMR, IR and mass spectra with the exception of the copper(II) complexes 3b and 4c, where characterization by NMR spectroscopy was not possible because of their paramagnetic properties.
The IR spectrum of 1a shows ν(NH) absorptions slightly shifted by coordination to lower frequencies at about 3100 cm −1 . Somewhat lower are found the ν(CH) bands (2971-2833 cm −1 ). Two striking absorptions between 1600 and 1500 cm −1 are assigned to ν(CvC) of the N,N-dimethylbenzylamine moiety. In the IR spectrum of 2b, analogous absorptions for ν(NH) and ν(CH) are found in the same region as for 1a. Besides this, a weak band for δ(NH 2 ) at 1608 cm −1 is observed. Additionally, the typical strong bands of the triflate anion appear in the region 1280-1030 cm −1 for the ν(CF 3 ) and ν(SO 3 ) vibrations. The IR spectra of the ionic copper complexes 3b and 4c are very similar to each other and similar to that of 2b. The ν(NH) and ν(CH) absorptions are found at 3240-3100 and 3000-2870 cm (4c). The azirine complex 5d shows only the ν(CN) absorption at 1771 cm −1 as significant, besides the expected ones for ν(CH) and ν(CvC).
The 1 H and 13 C NMR spectra of 1a point to the evidence of the intact N-bound aziridine ligand a. The CH 3 and CH 2 proton signals show the typical low field shifts caused by metal coordination. The CH 3 signals are found at 1.53 and 1.52 ppm instead of 0.96 ppm for free a, the CH 2 signals lie at 2.50 and 2.09 ppm (1.26 ppm free a). Analogously, the signals of the C q and CH 2 carbon atoms appear about +8 and +4 ppm further downfield than those of free a (C q 31.0 ppm, CH 2 33.3 ppm). Concerning the CH 3 carbon signals, complexation causes only slight shifts of about 0.3 and 1.0 ppm. It should be mentioned that both the 1 H and 13 C NMR spectra of 1a show a pair for each signal (which overlap in some cases) suggesting the presence of diastereomers in 1a, which contains an asymmetric carbon and nitrogen atom. Starting off enantiomerically pure (S,S)-[C 6 H 4 CHCH 3 NMe 2 PdCl] 2 , the coordination of the incoming bridge-splitting aziridine a is completely regioselective. This is caused by the known electronic directing effect of Pd-Cl bonds [68] [69] [70] to yield pure (S C ,S N ) and (S C ,R N )-1a with the az-N taking up the position trans to the NMe 2 group. As the corresponding proton signals of both diastereomers are finely separated, especially at the chiral amine ligand, the integration of the signals of The azirine ligand in 5d shows a low field shift in the 1 H and 13 C NMR spectra compared to free ligand d only for the methylene protons. Because both ligands d are chemically equivalent, only one signal for CH 2 at 20.9 ppm (d: 19.2 ppm) is observed. While the azirine C q signal of 5d is slightly shifted to lower field at 166.8 ppm (d: 165.3 ppm), the C q signal of the phenyl ring is found at higher field (121.6 ppm, d: 125.1 ppm). In both spectra of 5d the three types of protons and C atoms appear separately and can be easily identified (see Experimental part).
The mass spectrum (FAB + ) of 1a features the parent peak with m/z = 362 for [M + ] at relatively low intensity (22%) with the typical isotope pattern. In the further fragmentation, first the loss of Cl (m/z = 325, 100%) and then of aziridine a with m/z = 254 (13%) occurs. In the mass spectrum of 2b not only the parent signal for the cation with m/z = 277 (80%) ) and 796 nm (4c, ε = 380 L mol −1 cm −1 ). In spite of the low symmetry caused by the chelating ligands, no shoulder or splitting is observable. The measured values, however, correspond to those of similar Cu(II) complexes with coordination numbers of five and six. 71, 72 Molecular structures of 1a, 2b, 4c and 5d
Single crystals of the complexes were grown from their solutions in CH 2 Cl 2 (1a, 4c and 5d) or CH 3 OH (2b) by isothermic diffusion of n-pentane. Their solid-state structures have been solved by X-ray diffraction and are shown in Fig. 1-4 together with selected bond lengths and bond angles. The crystallographic data are summarized in Table 1 .
As expected for the 4d 8 configuration, 1a exhibits a slightly distorted square planar geometry at palladium(II) with a small tilt from planarity of only 4.43°between the C5-Pd1-N2 and Cl1-Pd1-N1 planes (Fig. 1) . The cis angles at the Pd1 center range between 81°and 96°. The five-membered dimethyl-1-phenylethaneamine-2-C,N chelate ring adopts the envelope conformation with palladium and the three carbon atoms C5, C10 and C11 being essentially coplanar (dihedral angle Pd1-C5-C10-C11 = 1.57°). The nitrogen atom of NMe 2 lies 0.726 Å off this plane. The aziridine ring is almost an equilateral triangle as its C-C and C-N bond lengths (1.476(5) Å and 1.483(4)/1.495(4) Å, respectively) and angles (59.4(2)-60.6(2)°) differ only slightly from those for free aziridine in the solid state. 73 It is noteworthy that the Pd1-N2 bond (2.099(3) Å) is somewhat longer than that of Pd1-N1 (2.047(3) Å). All other Pd1-X distances (X = C5: 1.983(3) Å, X = Cl: 2.4326(8) Å) lie in the expected range.
The cation of compound 2b has an inversion center at the Pd(II) center surrounded by four nitrogen atoms in a square planar geometry (Fig. 2) . The trans N-Pd1-N angles are exactly 180°, while the cis N-Pd1-N angles vary between 82.7°and 97.3°because of the five-membered chelating ligand in a twist configuration. Both of the intact aziridine rings are orientated almost vertical (81.54°) to the molecular square plane. The Pd1-N2 bond length (2.0458(18) Å) is only slightly longer than that of Pd1-N1 (2.0339 (16) 
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In the unit cell of complex 4c are two independent molecular units with only a few slight differences in their structural parameters. Therefore, only one is discussed and shown in Fig. 3 . The Cu(II) center shows a distorted trigonal bipyramidal geometry surrounded by four nitrogen atoms and one chlorido ligand. This and both NH 2 groups lie within the equatorial plane, while both aziridine N atoms occupy the trans-axial positions. The equatorial angles differ greatly because of the steric demand of the chlorido ligand (N6-Cu1-Cl2 136.80(19)°, N8-Cu1-Cl2 126.67 (15) 4 ]. 75 The square planar azirine complex of palladium(II) 5d (Fig. 4) is slightly distorted because of the two different ligands, two chlorido ligands and two azirine-N atoms each in trans positions (N1-Pd1-N2 179.3(3)°, Cl1-Pd-Cl2 179.38(5)°). The planes of the azirine rings form different small angles to the equatorial PdN 2 Cl 2 plane (Δ 1 = 2.56 and 3.78°) as well as to the phenyl plane (Δ 2 = 4.48 and 5.63°). Therefore, one can say that the whole molecule is nearly planar. Both Pd-Cl1/Cl2 and Pd-N1/ N2 bond lengths are nearly equal, the latter ones of course are shorter because of their sp 2 -hybridized N-atoms than those in the aziridine complexes mentioned above. This is also observed in the structural parameters of the unsaturated azirine ring (N1-C1 1.504(7), N1-C2 1.245(6) and C1-C2 1.463(7) Å; C1-N1-C2 63.5(3), N1-C1-C2 49.6(3) and N1-C2-C1 66.9(3)°) which differ significantly from those of the saturated aziridine rings.
Biological studies
The cytotoxicity of the complexes 1a, 2b, 3b, 4c and 5d was assayed against human HL-60 and NALM-6 leukemia cells and melanoma WM-115 cells. During these tests no signs of decomposition were noticed. Cisplatin and carboplatin were used as reference compounds. Cells were exposed to a broad range of drug concentrations (10 −7 to 10 −3 M) for 48 h and cell viability was analyzed by MTT assay. IC 50 values are presented in Table 2 . The complexes 2b, 3b and 5d exhibited the highest cytotoxic activity for HL-60 and NALM-6 cell lines, with IC 50 values in the range of 1.5-8.2 μM. Interestingly, compound 3b was even more effective then reference drug cisplatin in the case of human skin melanoma WM-115 cells.
It was found that the growth of Gram-positive bacterial strains (S. aureus, S. epidermidis and E. faecalis) was inhibited by almost all tested complexes at the concentrations of 37.5-300.0 μg mL −1 (Table 3) . On the other hand, MIC values of complexes obtained for Gram-negative E. coli and P. aeruginosa, as well as for C. albicans yeast, exceeded 300 μg mL −1 . The exception was activity of 2b against E. coli and P. aeruginosa (at 75.0 μg mL −1 ) and 1a with the MIC for E. coli equal to 150.0 μg mL −1
. In general, the highest activity was achieved by 2b. MICs of this complex were relatively low: 37.5 μg mL −1 for S. aureus and 18.75 μg mL −1 for S. epidermidis. The second complex with noticeable antimicrobial activity was 1a. It inhibited growth of Gram-positive cocci (S. aureus, S. epidermidis and E. faecalis) at a concentration range of 75.0-150.0 μg mL −1 . 
Conclusion
In the present paper the synthesis, characterization and crystal structures of three square planar palladium(II) complexes (1a, 2b and 5d) containing the ligands 2-dimethylaziridine-N (a), N-(2-aminoethyl)aziridine-N,N′ (b) and 2H-3-phenylazirine (d) as well as of two copper(II) complexes (octahedral 3b and trigonal bipyramidal 4c), where ligands b and c are dimers of the parent aziridine C 2 H 4 NH and its 2-dimethyl derivative a, are reported.
This unexpected dimerization occurs via insertion and ring opening reaction of two aziridines by metal-induced activation. Though aziridines are considered to be highly mutagenic, all the complexes have been examined for cytotoxic and antimicrobial properties. To the best of our knowledge this is the first time such directed investigations have been carried out. All the novel a IC 50 -concentration of a tested compound required to reduce the fraction of surviving cells to 50% of that observed in the control, nontreated cells. Data represents the mean value of at least three experiments, each performed at five repeats ± S.D. aziridine-containing complexes are promising compounds with high antitumor activity and two of them, 1a and 2b, also show remarkable antibacterial activity. Many natural or synthetic compounds show activity against Gram-positive bacteria but not against Gram-negative species or fungi, which have evolved significant permeability barriers. Thus, it is worth emphasizing that in our experiments the Gram-negative bacteria were susceptible to damage by one of complexes used (2b). It suggests that this compound may easily penetrate biological membranes probably without any help of active transport mechanisms and may be promising as a future therapeutic agent and alternative to antibiotics. However, on the basis of this study it is difficult to predict its mechanisms of action.
Experimental Materials and methods
All experiments were performed under a dry argon atmosphere using Schlenk line techniques. The separation of phases in heterogeneous reaction mixtures was carried out by centrifugation with subsequent pipetting or by filtration. Reagents were commercially available and used without further purification. The starting complexes [μ-Cl(C 6 H 4 CHMeNMe 2 -C,N)Pd] 2 61 and trans-[C 2 H 4 NHPdCl] 2 62 were prepared according to literature methods. The solvents were purified by standard procedures; CH 2 Cl 2 was distilled from calcium hydride, n-pentane from lithium aluminium hydride and methanol from MgH 2 . All dried solvents were stored under a dry Ar atmosphere with 3 Å molecular sieves. NMR spectra were recorded using a Jeol Eclipse 270 or a Jeol Eclipse 400 spectrometer operating at 270 MHz ( 1 H) and 68 MHz ( 13 C) or 400 MHz ( 1 H) and 100 MHz ( 13 C), respectively. The 1 H and 13 C chemical shifts were determined relative to TMS as an internal standard. IR spectra were recorded using a Perkin Elmer Spectrum One FT-IR-Spectrometer in the range of 4000-400 cm −1 . UV/visible (UV/Vis) data were recorded with a Varian Cary 50 UV/Vis spectrophotometer at room temperature. Mass spectra were obtained with a JEOL MStation MS-700, NBA matrix (FAB). Multi-isotope containing fragments refer to the isotope with the highest abundance. Elemental analyses were performed by the Microanalytical Laboratory of the Department of Chemistry, LMU Munich, using a Heraeus Elementar Vario El. Single crystal X-ray data were collected with a Nonius Kappa CCD diffractometer (2b, 4c, 5d) equipped with a rotating anode generator or an Oxford Diffraction XCalibur diffractometer (1a), both using graphite-monochromated Mo-K α radiation (λ = 0.71073 Å). Structures were solved by direct methods using the SHELXS software and refined on F 2 by full-matrix least-squares with SHELXL-97. 76 CCDC numbers in Table 1 2833w (CH), 2788w,  1579w, 1458s, 1446s, 1384s, 1370m, 1340s, 1290w, 1251w,  1175w, 1175w, 1146m, 1114s, 1062w, 1030w, 1011m, 981w,  939s, 921s, 812s, 786w, 756vs, 729s, 661w, 3101s, 2995w, 2966w, 2882m, 1660w, 1602m, 1448m, 1359w,  1323w, 1293w, 1259m, 1222w, 1152m, 1097w, 1063m, 1008s,  936s, 902w, 861s, 834w, 816w, 787w, 755m, 708w, Cell and cytotoxicity assay Cell cultures. Human skin melanoma WM-115 cells as well as human leukemia promyelocytic HL-60 and lymphoblastic NALM-6 cell lines were used. Leukemia cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum and antibiotics (100 μg mL −1 streptomycin and 100 U mL Cytotoxicity assay by MTT. Cytotoxicity of complexes 1a, 2b, 3b, 4c, 5d, cisplatin and carboplatin was determined by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma, St. Louis, USA) assay as described. 77 Briefly, after 46 h of incubation with drugs, the cells were treated with the MTT reagent, and incubation was continued for 2 h. MTTformazan crystals were dissolved in 20% SDS and 50% DMF at pH 4.7 and absorbance was read at 562 nm on an ELISA-plate reader (ELX 800, Bio-Tek, USA). The values of IC 50 (the concentration of the tested compound required to reduce the cells survival fraction to 50% of the control) were calculated from concentration-survival curves and used as a measure of cellular sensitivity to a given treatment. Complexes, cisplatin and carboplatin were tested for their cytotoxicity in final concentrations from 10 −7 to 10 −3 M. As a control, cultured cells were grown in the absence of drugs. Data points represent means of 3-4 experiments, each performed at five repeats ± S.D.
Antibacterial activity
Microorganisms. Gram-positive bacteria: Staphylococcus aureus ATCC 29213; S. epidermidis ATCC 12228; Enterococcus faecalis ATCC 29212; two Gram-negative bacteria: Escherichia coli NCTC 8196; Pseudomonas aeruginosa NCTC 6749, and yeast Candida albicans ATCC 10231, were used. The organisms were stored in TSB with 15% glycerol at −70°C, and in each experiment cultures were established from the original stock.
Antibacterial activity testing. The susceptibility of microorganisms to complexes was determined by the standard CLSI (Clinical and Laboratory Standards Institute) broth microdilution method. Sterile stock solutions of each compound at the concentration of 60.0 mg mL −1 were prepared in DMSO. The agent concentration range used in the antimicrobial tests was 0.29-300.0 μg mL −1 prepared for bacteria in Mueller-Hinton broth (Difco, USA), and for yeast in RPMI-1640 medium supplemented with L-glutamine and NaHCO 3 (Biomed, Poland). Since stock solutions of chemicals were prepared in DMSO, this solubilizer alone was used as a control. To specify the minimal inhibitory concentrations (MIC), turbidometric (OD 600 ) studies were carried out using the multifunction counter Victor2 (Wallac, Finland). MIC was estimated as the lowest concentration of antimicrobial agent which gave drop in OD 600 equal to the medium negative control (below 0.05), after 24 h at 37°C of co-incubation.
